The goal of the present study was to determine whether the release of exosomes containing MYOC from trabecular meshwork (TM) cells is constitutive or regulated. METHODS. Conditioned media from TM cells were analyzed for MYOC-associated exosomes after treatment with IFN-␥, porcine aqueous humor, dexamethasone, or a calcium ionophore in cells pretreated with dexamethasone. Aqueous humor was tested whole or fractionated by size exclusion filters. Exosomes from conditioned media were purified by differential centrifugation. Proteins in whole, exosome, and soluble fractions were separated by SDS-PAGE and analyzed for MYOC content by Western blot and densitometry. RESULTS. Although treatment of TM cells with IFN-␥ increased the appearance of extracellular MYOC-associated exosomes, results were not significantly different from those of control (P ϭ 0.13). In contrast, treatment with dexamethasone increased the appearance of MYOC in the exosome fraction by 376% (P Ͻ 0.01). The increase in MYOC-associated exosomes caused by dexamethasone was enhanced by an additional 379% after short-term exposure to ionomycin (P Ͻ 0.05). When cultured in media containing aqueous humor, MYOCassociated exosomes increased 514% over control (P Ͻ 0.01). Such an increase was diminished in cells treated with aqueous humor that was first passed through a 3-kDa or a 30-kDa, but not a 100-kDa, size exclusion filter. CONCLUSIONS. The appearance of MYOC-associated exosomes in conditioned media from human TM cells is regulated by a corticosteroid, a calcium ionophore, and a component of aqueous humor, suggesting that TM cells respond to environmental cues by releasing MYOC-associated exosomes. (Invest Ophthalmol Vis Sci. 2009;50:1313-1318) DOI:10.1167/iovs.08-2326 G laucoma is the second leading cause of irreversible blindness in the United States.
G laucoma is the second leading cause of irreversible blindness in the United States. 1, 2 Mutations causing ocular hypertension and open-angle glaucoma in some are located to a glaucoma gene on a chromosome 1 locus, GLC1A, which codes for a protein called myocilin (MYOC). 3 Unfortunately, despite more than 10 years of research, the function of MYOC remains unknown. Contributing to the slow progress in understanding the role of MYOC in the control of intraocular pressure and its focal pathology (development of ocular hypertension in glaucoma) is its near ubiquitous distribution in the human body, 4 -7 its cellspecific induction characteristics, 8 -11 and its ambiguous cellular distribution and associations. 4, 6, 7, 10, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] MYOC is expressed by different cell types in several eye tissues, including the trabecular meshwork (TM), the likely site of pathology for ocular hypertension in primary open-angle glaucoma. 4 -7,10,13,26,27 Compared with other cell types that express MYOC, the TM appears unique with respect to expression level plus induction of expression in response to corticosteroids and to mechanical and oxidative stress. 8 -11 On a subcellular level, native MYOC localizes to the cytosolic and membrane compartments of TM cells 16, 17 and is found extracellularly in conditioned medium from TM cells in culture, perfused human anterior segments in organ culture, and aqueous humor. 7,28 -30 To explain such disparate localizations, we tested whether MYOC associates with a class of intracellular vesicles, called exosomes, that display properties coincident with the unique characteristics of MYOC. Exosomes are small vesicles that are formed by inward budding of the limiting membrane of the multivesicular body and are released from cells on fusion of the multivesicular body with the plasma membrane. 31, 32 When tested specifically, we observed that MYOC is not secreted in a traditional manner; rather, it exits trabecular meshwork cells and enters the extracellular compartment associated with exosomes. 16 Moreover, we observed that MYOC-associated exosomes are present in human ocular samples and thus appear to serve a physiological function. 33 We reasoned that if exosomes were involved in the dynamic control of conventional outflow facility, then exosome release must be subject to regulation. To better understand the role of MYOC in exosome release, we explored ways to modulate the appearance of MYOC-associated exosomes in conditioned media of TM cell monolayers in culture. We hypothesized that agents known to increase MYOC expression in TM cells in vitro and that affect outflow in vivo or compounds known to enhance exosome release/protein content in other cell types will increase MYOC-associated exosome release from TM cells. Our results show that a corticosteroid, a calcium ionophore, and a soluble component of aqueous humor measuring 30 kDa to 100 kDa significantly increased the appearance of MYOCassociated exosomes from cultured human TM cells.
MATERIALS AND METHODS

Human Trabecular Meshwork Cells
Six different human TM cell strains were isolated and characterized by our laboratory, as previously described, 34, 35 and were used in experiments in the present study (Table 1) . Cells were plated and maintained at confluence in low-glucose Dulbecco modified Eagle medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with a penicillin (100 U/mL), streptomycin (100 mg/mL), and glutamine (0.29 mg/mL) solution (Invitrogen) plus fetal bovine serum (FBS; Gemini Bio-Products, Irvine, CA) for at least 14 days before treatment. Media were supplemented with 10% FBS for the first week cells were at confluence, and then cells were maintained in media supplemented with 1% FBS until the start of treatment.
All treatments were diluted in DMEM containing 0.1% exosome-free FBS. Endogenous exosomes were removed from FBS by centrifugation at 100,000g for 1 hour. All treatment regimens were different and were based on published data from our laboratory 10, 16 or from preliminary experiments that determined the optimal time course and dose for maximal MYOC appearance in conditioned media (data not shown). For all treatment regimens, only conditioned media from the final 72 hours of treatment were collected for analyses. Two of the treatments, IFN-␥ (500 U/mL) and aqueous humor (50% vol/vol), lasted 72 hours. In contrast, cells were treated with dexamethasone (Sigma, St. Louis, MO) at a 100 nM concentration for 5 days, and conditioned media were collected from the final 72 hours of treatment. The only combination drug treatments occurred for cells that were treated with ionomycin (Calbiochem, San Diego, CA) at a concentration of 1 M for 3 hours after cells had been pretreated with 5 days of 100 nM dexamethasone. Conditioned media were collected only for the final 72 hours, including the 3-hour ionomycin treatment. For each experimental condition, care was taken to ensure that equivalent amounts of medium-containing drug were added to cells, and equivalent amounts of conditioned media were collected from cells for analyses. To ensure equal loading between samples, proteins in conditioned media samples (after cell debris had been removed) from all experimental groups were fractionated by SDS-PAGE and stained with Coomassie Brilliant Blue (Sigma). For comparisons, paired samples (treated vs. controls) were run into the same gel, and protein banding patterns for entire lanes were digitized and analyzed by densitometry.
Porcine Aqueous Humor Treatment and Fractionation
Aqueous humor was collected from enucleated porcine eyes (porcine aqueous humor [pAH]; Hatfield Meat Products, Hatfield, PA) by inserting a 26-gauge needle through the cornea and positioning its tip into the center of the anterior chamber. Aqueous was removed by slow aspiration with care taken not to contact any internal structures. Aqueous humor (approximately 200 L/eye) was pooled from 50 eyes and centrifuged at 10,000g for 1 hour at 4°C to pellet any pigment or cellular debris. Next, aqueous humor supernatant was transferred to clean tubes and centrifuged at 100,000g at 4°C to pellet endogenous exosomes. Supernatant was removed and tested on cells or fractionated further using centrifuge filters (Millipore, Billerica, MA). To fractionate, 2 mL aqueous humor was added atop filters with a 3-kDa, 30-kDa, or 100-kDa molecular weight cutoff, and filters were subjected to centrifugation at 3500g until 1 mL aqueous humor passed through the filters. The 1 mL aqueous humor that passed through the filters was tested for stimulation of exosome appearance in conditioned medium. In all cases, human TM cells were treated with a 50% (vol/vol) mixture of aqueous humor (unfractionated or filtrate) in DMEM supplemented with 0.1% exosome-free FBS plus antibiotics for 72 hours, after which conditioned media were collected and analyzed.
Exosome Isolation
Exosomes were isolated exactly as described previously. 16 Briefly, conditioned media were collected from human TM cells with or without treatment and were centrifuged for 1 hour at 10,000g at 4°C to remove cell debris. Samples were taken from conditioned media before (whole) and after (cell debris) centrifugation, solubilized in 2ϫ Laemmli buffer, and stored at Ϫ20°C for subsequent analyses. Exosomes were then isolated from precleared supernatant by centrifuging at 100,000g (SW41 rotor) for 1 hour at 4°C. Supernatant (after cell debris) was collected, and samples were placed in 2ϫ Laemmli buffer and stored at Ϫ20°C. Pellets were resuspended in cold PBS, centrifuged at 100,000g again in a clean tube for 1 hour to ensure purity, and solubilized in 2ϫ Laemmli buffer. Volumes of each fraction were kept identical between experimental conditions to allow for direct comparisons.
Western Blot Analyses
Proteins solubilized in Laemmli buffer were heated at 100°C for 10 minutes, loaded onto gel slabs containing 10% polyacrylamide, and separated by SDS-PAGE. Fractionated proteins were transferred electrophoretically onto nitrocellulose membranes incubated in Tris/HClbuffered saline (100 mM Tris, 137 mM NaCl, 2.7 mM KCl, pH 7.4) containing 2% Tween-20 (TBS-T) and 5% nonfat dry milk (blocking buffer). Affinity-purified polyclonal IgG (300 ng/mL) raised in rabbits against myocilin was added to the blocking buffer, and membranes were incubated for 16 hours at 4°C. 10, 16, 17, 33 Membranes were washed in TBS-T four times for 15 minutes each, incubated in blocking buffer for 30 minutes, and transferred to blocking buffer containing horseradish peroxidase-conjugated goat anti-rabbit IgG (1:5000; Santa Cruz Biotechnology, Santa Cruz, CA) and incubated at 25°C with rocking for 1 hour. Membranes were washed in TBS-T four times for 15 minutes each, and protein antibody complexes were visualized by exposing membranes to reagent (Hyglo; Metuchen, Denville, NJ) followed immediately by timed exposures to x-ray film. Bands on x-ray film were digitized, and densitometry was performed (Labworks 4 software; (UVP, Upland, CA).
Statistical Analyses
Only data in which digitized bands corresponding to MYOC protein that fell in the linear range of the x-ray film were used for analyses. Values obtained from experimental and control samples were analyzed by two-tailed, paired Student's t-test assuming unequal variance. Differences were considered significant at P Ͻ 0.05.
RESULTS
To examine whether MYOC-associated exosomes are subject to regulation, we first explored whether a cytokine known to increase major histocompatibility complex class II antigen content on exosomes in several cell types 36, 37 (including human TM cells 16 ) affected MYOC content on exosomes in conditioned media from human TM cells. After treating human TM cells for 72 hours with 500 U/mL IFN-␥, MYOC-associated exosomes in conditioned media were analyzed. Volume equivalents of whole conditioned media (and fractions) from control and treated cells were examined in parallel using SDS-PAGE, followed by Western blotting with anti-MYOC IgG (Fig. 1) or Coomassie Blue stain to control for total protein content between samples (data not shown). Figure 1 shows Western blots of whole conditioned media and its soluble and membrane component fractions that were probed for MYOC in the presence (ϩ) or absence (Ϫ) of IFN-␥. All fractions were cleared of cell debris by centrifugation before analyses. The exosome fraction is the pellet of extracellular membranes isolated after two sequential high-speed (100,000g) centrifugation steps of precleared whole conditioned media. The supernatant atop the exosome fraction contained all soluble proteins in conditioned media. Results show that after 72 hours of treatment, MYOC content increased in all fractions but that it increased disproportionately in the exosome fraction by 256% Ϯ 185%. A summary of results from five independent experiments is shown in Figure 1B and indicates that variability in results after IFN-␥ treatment limited data from reaching significance (P ϭ 0.13).
Next, we examined whether dexamethasone, a corticosteroid that dramatically enhances the expression and release of MYOC in TM cells, affected the appearance of MYOC-associ- TM26  15 years  X  X  X  -TM84  68 years  X  X  --TM86  3 months  -X  X  X  TM87  71 years  X  X  X  -TM89  64 years  ---X  TM90 4 months -X --Dex, dexamethasone; pAH, porcine aqueous humor.
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ated exosomes in conditioned media. After 5 days of treatment with dexamethasone, we observed a significant increase in MYOC content in all fractions (Fig. 2) . As in previous studies, we observed an increase in MYOC in whole conditioned media. When looking at fractions of conditioned media, the exosome fraction increased by 376% Ϯ 111% compared with untreated controls (P Ͻ 0.01). Longer exposures of immunoblots (approximately 5 minutes) demonstrated the presence of MYOC in the exosome fraction of untreated controls (data not shown).
Given that transient elevations in intracellular calcium have been shown to trigger the release of exosomes from other cell types, 38 -40 we tested whether the treatment of human TM cells with a calcium ionophore, ionomycin (1 M), has an impact on the appearance of MYOC-associated exosomes in conditioned media. When ionomycin was tested alone, we were unable to detect a change in the extracellular appearance of MYOC (data not shown). However, in cells first treated with dexamethasone and then 3 hours with the calcium ionophore (iono), Figure 2 shows that MYOC appearance in the exosome FIGURE 2. Effect of dexamethasone and a calcium ionophore (ionomycin) on myocilin content in conditioned media fractions from human trabecular meshwork cells. (A) Western blot analysis for myocilin in whole conditioned media or fractions generated by differential centrifugation before (Ϫ) and after (ϩ) 5 days of treatment with 100 nM dexamethasone in the presence (ϩ) or absence (Ϫ) of ionomycin (1 M) for 3 hours. Conditioned media (72 hours) were first centrifuged to pellet cell debris. The cell debris fraction was then subject to ultracentrifugation to pellet extracellular (ex.) membranes, leaving soluble proteins (prot.) in the supernatant. Shown are 1-minute and 10-second exposures of film from untreated cells or from cells treated as indicated. (B) Cumulative data (mean Ϯ SD) from densitometric analyses of whole conditioned media and its fractions from five independent experiments. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. 
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fraction significantly increased 379% Ϯ 52% over dexamethasone-alone control (P Ͻ 0.05). On treatment, the relative distribution of MYOC became more prominent in exosome than in soluble fractions after only 3 hours of treatment with ionomycin; in fact, the amount of MYOC in the soluble fraction decreased significantly in the treatment group (30% Ϯ 8% of dexamethasone alone; P Ͻ 0.05). Similarly, MYOC in whole conditioned media samples receiving ionomycin treatment were decreased compared with dexamethasone alone. Next, we examined the effect of aqueous humor on MYOCassociated exosome appearance in conditioned media. Similar to recent findings that extracellular MYOC increases when cultured in the presence of aqueous humor, 41 we observed that exposure of human TM cells to media containing 50% pAH significantly increased MYOC in whole conditioned media by 66% Ϯ 38% ( Fig. 3 ; P Ͻ 0.01). When the exosome fraction was isolated from conditioned media, we found a dramatic and disproportionate increase in MYOC compared with other fractions (514% Ϯ 178%; P Ͻ 0.01).
To better understand the identity of the components of aqueous humor that mediate the increased extracellular appearance of MYOC, we subjected fresh aqueous humor to size exclusion filtration (3 kDa, 30 kDa, 100 kDa) and tested the filtrate on human TM cells. Results in Figure 4 indicate that 3-kDa filters intercepted most of the component(s) in aqueous humor responsible for increasing MYOC-associated exosomes in conditioned media. Interestingly, though it had only approximately 15% of maximum stimulation of whole aqueous humor, the 3 K filtrate was significantly different from control. In contrast, the 30-kDa filters intercepted approximately half (53% Ϯ 12%) of the active components in aqueous humor and was significantly different from untreated control (P Ͻ 0.05). Lastly, the 100-kDa filter failed to stop most aqueous humor components from increasing MYOC exosomes. In fact, as with whole aqueous humor (82% Ϯ 9% of whole), the 100-kDa filtrate significantly increased MYOC-associated exosomes in conditioned media from human TM cells (P Ͻ 0.01).
DISCUSSION
Whether in stable human TM cell monolayers or in effluent from perfused anterior segments, we observed previously that MYOC-associated exosomes are constitutively released into the extracellular compartment over time. 16, 33 The primary finding of the present study was that steady state release of exosomes by stable monolayers of human TM cells was increased on long-term treatment with dexamethasone, medium-term treatment with aqueous humor, and short-term treatment with a calcium ionophore.
We chose to test the effect of a calcium ionophore on exosome release in our system because of two recent reports showing the involvement of intracellular calcium transients in the release of exosomes in other cells. Thus, treatment of K562 cells (reticulocytes) with monesin or A32187 for 7 hours resulted in elevated intracellular calcium transients corresponding to an increased release of exosomes. 39 Similarly, calcium was observed to be required for exosome release by mast cells in response to stimulation with dinitrophenol for 1 hour. 42 Our results here show a significant and dramatic increase in MYOC appearance in the exosome fraction after 3 hours of ionomycin treatment in dexamethasone-pretreated cells. Taken together, the regulation of exosome release as a result of increased intracellular calcium appears to share a common general mechanism for the fusion or release of many classes of vesicles.
Recent studies have demonstrated that exposure of cultured human TM cells or trabecular tissues in organ culture to aqueous humor has an impact on their morphologic appearance and expression profile. 41 Relevant to the present study, Fautsch et al. 41 found that culturing human TM cells in the presence of 50% aqueous humor (vol/vol in DMEM) increased the appearance of MYOC in conditioned media. The earliest point analyzed in this previous report was 5 days after the start of treatment. In the present study, we observed an increase in the appearance of MYOC in conditioned media 72 hours after aqueous humor treatment in whole conditioned media and exosome fraction. On closer examination, we found that the FIGURE 3. Effect of porcine aqueous humor (pAH) on myocilin content in conditioned media fractions from human TM cells. (A) Western blot analysis for myocilin in whole conditioned media or fractions generated by differential centrifugation before (Ϫ) and after (ϩ) treatment with 50% (vol/vol) aqueous humor. Conditioned media (72 hours) were first centrifuged to pellet cell debris. Precleared conditioned media were then subject to ultracentrifugation to pellet extracellular (ex.) membranes, leaving soluble proteins (prot.) in the supernatant. (A, middle) Results when pAH itself was fractionated by differential centrifugation in a manner identical to that of conditioned media; proteins in each fraction were separated by SDS-PAGE and Western blotted for MYOC. (B) Cumulative data (mean Ϯ SD) from densitometric analyses of whole conditioned media and its fractions from six independent experiments. **P Ͻ 0.01; ***P Ͻ 0.001.
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IOVS, March 2009, Vol. 50, No. 3 major component of aqueous humor responsible for MYOCassociated exosome stimulation measured between 30 kDa and 100 kDa. A minor active ingredient also appeared in aqueous between 3 and 30 K because significant stimulation above control was detected in the filtrate of both these filters. After reviewing known components of aqueous humor that lie within this range and that stimulate intracellular calcium, we noticed transferrin. 43 A protein with a molecular mass of 33 kDa, transferrin (approximately 75 kDa with carbohydrate side chains) has been shown to stimulate intercellular calcium transients and exosome release from K562 cells in culture. 39 In response to such tempting information, we conducted experiments to test the effects of transferrin on exosome release from human TM cells. Unfortunately, we were unable to detect a significant effect of transferrin on MYOC-associated exosomes using the conditions of concentration (20 g/mL) and time (16 hours) reported previously (P ϭ 0.57; data not shown), a concentration similar to that found in aqueous humor. 44 Perhaps optimization of conditions in future studies may reveal a role for transferrin and transferrin receptor in exosome regulation in human TM cells.
IFN-␥ was used previously by our group and others to induce the expression of major histocompatibility complex class II antigens in cultured cells (HLA-DR in human TM cells 16 ) to characterize exosomes isolated from conditioned media. 36, 37 In a previous study, we treated cultured human TM cells for 5 days with IFN-␥ to induce HLA-HR expression in exosome fractions containing MYOC but did not observe a change in MYOC content compared with control. 16 In pilot experiments for this previous study, we noticed at earlier time points that IFN-␥ treatment increased MYOC protein in the exosome fraction but not HLA-DR. Thus, in the present study, we characterized the extracellular appearance of MYOC after 3 days of IFN-␥ treatment. Although we observed an increase in MYOC protein in the exosome fraction, statistical analysis of data did not distinguish a significant difference from control. We were unable to determine the origin of this variability.
Three of the four treatments tested significantly increased the release of exosomes from TM cells. Two of these substances, dexamethasone and aqueous humor, are known to increase the appearance of extracellular MYOC; thus, it was not surprising that exosomes were a significant contributor to such an increase. Interestingly, we could not detect a change in exosome release when cells were treated with the calcium ionophore alone. Only in cells that had basal levels of MYOC, increased by 5-day treatment with dexamethasone, were we able to detect the effects of the calcium ionophore, perhaps because in culture, baseline levels of MYOC are significantly decreased. 11 Such an idea is supported by our finding that MYOC-associated exosomes are at higher concentrations in effluent collected from perfused human anterior segments and in aqueous humor compared with human TM cells in culture. 33 We observed that after only 3 hours of ionomycin treatment, MYOC content in the exosome fraction increased whereas MYOC content in soluble fraction decreased. These data suggest that MYOC is associated with exosome vesicles on release from human TM cells and that it dissociates into media over time. Such an idea is consistent with our recent report showing a greater percentage of MYOC in exosome fraction in fresh aqueous humor collected from patients undergoing excisional surgery compared with aqueous humor collected from human donor eyes, in which MYOC is found predominantly in soluble fraction. 33 These data also suggest that a reservoir of exosomes is awaiting release. After only 3 hours of ionomycin treatment, we observed changes in the association of MYOC with exosomes in conditioned media almost four times greater than at 72 hours of dexamethasone treatment alone.
The findings of the present study demonstrate that MYOCassociated exosome release is regulated, but they do not provide information about the role of exosomes in the control of outflow facility. We hypothesize that MYOC is a component of exosomes that function in the process of exosome release and that a second unknown protein resident of exosomes serves as a ligand that participates in signaling between outflow cells to regulate facility. With this in mind, the regulation of outflow facility is tied to functional MYOC and the presence of the ligand on exosomes. Such an idea is consistent with data showing that the expression of mutant MYOC inhibits the extracellular appearance of MYOC, resulting in a decreased outflow facility in those with glaucoma. 28, 45, 46 The fact that overexpression of wild-type MYOC protein does not affect outflow facility 47 indicates, in the context of our hypothesis, that the expression of MYOC and the signaling ligand on exosomes are not linked. Consistent with this idea are data showing that outflow facility is normal in MYOC knockout mice, 48 a finding that implicates built-in redundancy in the vesicle targeting/release of exosomes from cells. However, long-term MYOC haploinsufficiency in humans, as is possible with those having the Q368STOP mutation, may tax backup systems over time and eventually have an impact on outflow function.
FIGURE 4.
Effect of porcine aqueous humor filtrate on appearance of MYOC-associated exosomes in conditioned media from human trabecular meshwork cells. Cells were treated with porcine aqueous humor subjected to size-exclusion filtration (3 kDa, 30 kDa, 100 kDa), DMEM (control), or unfiltered porcine aqueous humor. Whole aqueous humor and filtrates were diluted in DMEM (50% vol/vol). MYOC-associated exosome content in conditioned media was assessed using Western blot analysis and anti-MYOC IgG and was quantified by densitometry. Data represent the combined results (mean Ϯ SD) of three experiments. Values shown were calculated by setting the DMEM control equal to 0% and the mean effect of whole aqueous humor equal to 100% and interpolating the filtrate values by linear regression. *P Ͻ 0.05; **P Ͻ 0.01.
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